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ABSTRACT
Dynamic analysis of viral nucleic acids in host cells
is important for understanding virus–host interac-
tion. By labeling endogenous RNA with molecular
beacon, we have realized the direct visualization of
viral nucleic acids in living host cells and have stud-
ied the dynamic behavior of poliovirus plus-strand
RNA. Poliovirus plus-strand RNA was observed
to display different distribution patterns in living
Vero cells at different post-infection time points.
Real-time imaging suggested that the translocation
of poliovirus plus-strand RNA is a characteristic
rearrangement process requiring intact microtubule
network of host cells. Confocal-FRAP measure-
ments showed that 49.4 – 3.2% of the poliovirus
plus-strand RNA molecules diffused freely (with a
D-value of 9.6 – 1.6 · 10
 10 cm
2/s) within their distri-
bution region, while the remaining (50.5 – 2.9%)
were almost immobile and moved very slowly only
with change of the RNA distribution region. Under
the electron microscope, it was found that virus-
induced membrane rearrangement is microtubule-
associated in poliovirus-infected Vero cells. These
results reveal an entrapment and diffusion mechan-
ism for the movement of poliovirus plus-strand RNA
in living mammalian cells, and demonstrate that the
mechanism is mainly associated with microtubules
and virus-induced membrane structures.
INTRODUCTION
Intracellular viral nucleic acids monitoring is of great import-
ance for understanding the virus–host interaction. One of
the interests in this aspect is to monitor the localization and
movement of the viral nucleic acids in host cells (1–3). So far,
a methodology for such a purpose has still been a big chal-
lenge, especially for elucidating the dynamic mechanisms of
the viral nucleic acids in living host cells (4). Fluorescence
in situ hybridization (FISH) is a highly efﬁcient method to
localize the speciﬁc DNA/RNA in cells and thus has been
widely used. However, ﬁxation procedures as described in
FISH protocols are not compatible with imaging DNA or
RNA molecules in living cells (4,5). An alternative means
is to microinject radio or ﬂuorescence-labeled RNA/DNA
into living cells to study intracellular RNA/DNA localizations
and kinetics (6–8). In this way, however, the modiﬁcation of
RNA/DNA of interest and the denaturation of their linking
protein are inevitable in the synthesis and extraction pro-
cedures, making it difﬁcult to ensure that the observed
patterns truly reﬂect the behaviors of endogenous RNA/
DNA in living cells. It is well known that synthesized nucleic
acids in vitro do notnecessarily have the samecharacteristicas
the native viral nucleic acids. Fluorescently labeled linear
oligonucleotide probes complementary to target RNAs
were used for the detection of endogenous RNA in living
cells (9–12), but this method could not be widely used due
tothedifﬁcultyinseparatingthehybridization signalsfromthe
ﬂuorescence of free probes. RNA-binding proteins fused
to GFP were used to tag endogenous RNA in living cells
(2,13–15). For instance, the protocol based on the system
that synchronously expressed MS2-GFP fusion protein and
the reporter RNA containing tandemly repeated MS2 binding
sites was widely used to study the characters of endogenous
RNA (13–15). However, some of the expressed GFP-fusion
proteins may not bind to the RNA of interest. If the RNA has
a big sequence like the coronaviral genome, it will be a com-
plicated and burdensome task to build a report system. In this
article, by introducing ‘molecular beacons’ into virus-infected
living cells, we built a universal and straight-forward approach
for directly visualizing the dynamic behavior of single-strand
viral RNA/DNA in its native environment.
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doi:10.1093/nar/gki629Molecular beacon is a kind of stem–loop oligonucleotide
probe that has a ﬂuorescent dye at one end and a quencher
moiety at the opposite end (16,17). When there is a target
DNA/RNA, the loop sequence hybridizes with the comple-
mentary sequence to open the stem, which separates the
ﬂuorophore from the quencher, emitting ﬂuorescence. When
there is no target sequence, molecular beacon is non-
ﬂuorescent in a closed stem–loop conformation. Because of
its ultrahigh sensitivity, superior speciﬁcity, the possibility to
detect without separation, high signal-to-background ratio,
and wide temperature range to hybridize to targets, molecular
beacon is becoming a leading oligonucleotide probe in a vari-
ety of applications (16–18). These include in vitro DNA/DNA
and DNA/RNA hybridization assays, protein/DNA interac-
tions, as well as in real-time detection and visualization of
RNA in living cells (19–25). Here, we used a molecular bea-
con as the detection probe for real-time visualization of the
poliovirus (pv) plus-strand RNA in its host cells.
Poliovirus is a single plus-strand RNA virus. After the entry
of pv genomic RNA into a host cell, a polyprotein is translated
and subsequently processed into function proteins of which
protein 2B, 2C and 2BC can induce membrane vesiculation
and rearrangement (26–28). Plus-strand genomic RNA is cop-
ied by the viral 3D polymerase into minus-strand RNA, which
acts as a template for the synthesis of progeny plus-strands in
the multi-strand replicative intermediate (RI) in a rosette-like
arrangementofseveralvesicles(28–30).Invirus-infectedcells,
both plus- and minus-strand RNA synthesis are associated
with speciﬁc cellular membranous structures, which may
provide an efﬁcient replication environment. Around peak
RNA synthesis, viral RNAs and RNA-associated membranous
structures migrate to the cell center to form a characteristic
juxtanuclear area of vesicles (2,26). Although many studies
have focused on pv replication and its host cell alterations
following infection, the dynamic characters of pv RNA in
live cells and its control mechanism remain undetermined.
In this work, we imaged the dynamic behavior of pv plus-
strand RNA in real-time, and proposed an entrapment and
diffusion mechanism for its localization and movement in
living host cells.
MATERIALS AND METHODS
Preparation of virus-infected cells
Vero (African green monkey kidney) cells cultured in 35 mm
glass bottom culture dishes were infected with poliovirus
1 strain Sabin1 (kindly provided by professor Hu Yunzhang,
Institute of Medical Biology, Chinese Academy of Medical
Sciences, Kunming 650107) at a multiplicity of infection of
30 p.f.u. The virus was allowed to adsorb for 30 min at 4 C.
After one wash with serum-free medium, cells were incubated
in RPMI 1640 medium containing 2% fetal calf serum (FCS)
(Gibco) at 35 Ci n5 %C O 2 and used for transfection experi-
ments at various times post-infection (p.i.). To disrupt micro-
tubules, the cells were incubated with a medium containing
20 mM colcemid (Sigma) for 1 h before transfection experi-
ments. To disrupt microﬁlaments, the cells were incubated
with a medium containing 50 nM swinholide (Sigma) for
2 h before transfection experiments.
Design and synthesis of probes
Probes weredesignedbased ongenomesequenceandstructure
of poliovirus 1 strain sabin1 (AY184219, NCBI) (31,32), by
using RNAdraw, primer premier 5.0 and NCBI BLAST.
Probes speciﬁc to pv plus-strand RNA were synthesized and
puriﬁed by TaKaRa Biotech Co., Ltd. (Dalian, China). Three
probes (MB: TAMRA-GCGACCAGAATGGCATACCGCC-
CTTGAGTCGC-DABCYL; P2: TAMRA-GCGACCAGAA-
TGGCATACCGCCCTTGAGTCGC; P3: FITC-GACGCTG-
ATGTATCCGCCTTCGGTGAAACTAT) were mainly used
in the current study.
Fluorescence in situ hybridization
Poliovirus-infected Vero cells in dishes were ﬁxed with 4%
paraformaldehyde in 1· phosphate-buffered saline (PBS;
10 mM Na2HPO4, 1 mM KH2PO4, 137 mM NaCl and
3 mM KCL, pH 7.4) at room temperature for 30 min. Then
removed the paraformaldehyde and after two washes with
1· PBS, cells were hybridized at 37 C for about 4 h in
1· PBS buffer containing 400 nM of probes. Cells were
washed and maintained in 1· PBS buffer for imaging under
confocal microscope with a 543 or 488 nm excitation beam.
Delivery of probes into living cells
The probes were delivered into living cells using the
TransFast  transfection reagent (Promega, E2431, USA) as
described previously (20). In brief, a transfection mixture,
containing 9 mg of transfast  reagent and 2 mg of the
probe dissolved in 0.8 ml of HEPES buffer (145 mM NaCl,
5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM glucose and
10 mM HEPES, pH 7.4), was prepared and incubated at
room temperature for 10–15 min, and then added to cells
after removing the growth medium. Following incubation at
35 C for 40–50 min, the transfection mixture was removed
and fresh RPMI 1640 medium containing 2% FCS was added.
Culture dishes were placed onto the incubator of the confocal
microscope for observation.
Image acquisition and data collection
Except for the electron microscopy (EM) experiments, all
imaging experiments were made using a TCS SP2 Leica
laser scanning spectral confocal microscope equipped with
a cooled CCD camera. For living cell imaging, the prepared
cell culture dishes were placed in a temperature-controlled
incubator at 35 C and detection was made using a 63· oil
objective (NA 1.32) with a 543 nm excitation beam. FRAP
(ﬂuorescence recovery after photobleaching) experiments
were carried out with the standard Leica confocal microscope
and the Lica FRAP software (the advanced time-lapse soft-
ware). The diffusion coefﬁcients (D-values) were calculated
as described in (33–35). To measure the D-values of the pv
plus-strandRNA in aqueous solution, FRAP experiments were
made in RNA/MB hybridization solution that was made with
20 nM MB and excessive pv RNA in 2.5 ml HEPES buffer,
and sandwiched between two coverslips to form 5 mm-thick
aqueous layers. The pv plus-strand RNA was extracted
from pv concentrated with PEG 6000 by Trizol (Invitrogen).
Unless indicated, all imaging experiments were performed at
35 C in a temperature-controlled incubator equipped on the
confocal microscope. For EM, cells were ﬁxed with 2.5%
3246 Nucleic Acids Research, 2005, Vol. 33, No. 10glutaraldehyde–2% OsO4, and embedded in Spurr resin by
standard protocols. The EM sections were observed in a
HITACHI H-7000 FA electron microscope.
RESULTS
FISH in pv-infected cells
To test whether the designed MB can be speciﬁcally hybrid-
ized to the target viral RNA in pv-infected cells, FISH experi-
ments were performed by using MB and probe P3 targeting
against a different region of the pv plus-strand RNA. Figure 1
shows the TAMRA-labeled MB and FITC-labeled probe P3
could be co-localized in ﬁxed pv-infected Vero cells at 3 h p.i.
Compared with the low ﬂuorescence background of the probe
MB in non-pv infection Vero cells (Figure 1A), speciﬁc ﬂuor-
escent signals of pv plus-strand RNA could be detected by
using MB (Figure 1B) and P3 (Figure 1C) in pv-infected cells,
although confusion ﬂuorescence could be occasionally seen
in cell nuclei. The co-localization of probe MB and P3 in
pv-infected Vero cells (Figure 1D) indicated that the MB
could be speciﬁcally hybridized to pv plus-strand RNA in
pv-infected cells.
Visualizing poliovirus plus-strand RNA in living
Vero cells
To visualize pv plus-strand RNA in living cells, MB was
transfected into pv-infected Vero cells by liposome at various
times p.i. Forty to ﬁfty minutes after the addition of liposome-
carried MB, there was ﬂuorescence inside living pv-infected
Vero cells. As shown in Figure 2B–D, MB-target hybridiza-
tion ﬂuorescence signals that represented pv plus-strandRNAs
appeared only in the cytoplasm and accumulated in small,
irregularly sized granules in the cytoplasm, which is the
characteristic display of pv RNA in host cells as described
previously (3). Non-pv-infection Vero cells showed little
ﬂuorescence 40–50 min after the addition of liposome-
carried MB (Figure 2A), and still had very low ﬂuorescence
1.5 hafter they were transfected with MB. A molecular beacon
designed speciﬁcally for porcine parvovirus genomic DNA
was also introduced into pv-infected Vero cells, and showed
no apparent ﬂuorescence within the ﬁrst 1 h of the probe uptake
(data not shown). When liposome-carried probe P2 without the
quencher was added into non-pv-infection Vero cells, the
ﬂuorescence intensity increased constantly during the ﬁrst
40–50 min, and then became approximately a plateau. The
probe P2 was found to be distributed in the nuclei of living
Vero cells (Figure 2F and G), which meant that MB molecules
in non-infected cells and the excessive MB in pv-infected cells
were both distributed in cell nuclei, although showing no ﬂuor-
escent signals (Figure 2A). Many articles reported that oligo-
nucleotides can be rapidly taken up by the nucleus although the
mechanism is not well understood (6). These experiments also
ensured that the ﬂuorescent signals in the cytoplasm of
pv-infected cells really came from the hybridization of
RNA-MB, and were not caused by the degradation of MB.
Figure 1. Co-localizationofMBandP3inpv-infectedVerocellsbyFISH.(A)ThelowfluorescencebackgroundoftheMBinnon-pv-infectioncells.(BandC)The
fluorescenceofTAMRA-labeledMB(B)andthatofFITC-labeledP3(C)inthesamefixedpv-infectedVerocellsat3hp.i.(D)Theco-localizationofMBandP3in
the fixed pv-infected Vero cells. (E) The phase-contrast image of the cells in images (B–D). Bar, 8 mm.
Figure2.Visualizingpvplus-strandRNAinlivingpv-infectedVerocells.(A)Controlnon-infectionVerocellshowsnoobviousfluorescenceafterbeingtransfected
withmolecularbeacons.(B–D)Pvplus-strandRNA,detectedwithaTAMRA-labeledmolecularbeacontransfectedintolivingcellsatdifferenttimep.i.,wasfound
dispersed in the cytoplasm around the nucleus in small granules at 1 h p.i. (B) and migrated to one side of the cells at 2.5 h p.i. (C) and mainly concentrated in
juxtanuclear area at 4 h p.i. (D). (E) The phase-contrast image of the cell in image (D). (F and G) Probe P2 (molecular beacon without the quencher) distributed in
nucleusinnon-infectionVerocells.(HandI)Pvplus-strandRNAwasdetectedinfixedpv-infectedVerocellsbyFISHwiththeprobeP2at2.5hp.i.(H)and4hp.i.
(I). (J) The phase-contrast image of the cell in image I. Bar, 8 mm.
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signals of MB-RNA hybridization were observed to display
different distribution patterns in living Vero cells. At 1 h p.i.,
the granules of RNA localized in perinuclear area of the cyto-
plasm (Figure 2B). As the time passed, the RNA granules
manifold and most of them appeared on one side of the cell
adjacent to the nucleus (Figure 2C). At 4 h p.i., the signals
of pv plus-strand mainly concentrated in a nearly circular,
juxtanuclear area (Figure 2D and E). As controls, FISH
experiments were performed in parallel in ﬁxed Vero cells
1.5 h after infection and the same results could be obtained
(Figure 2H–J), conﬁrming that living cell studies truly display
the localization of viral RNA in host cells.
It was found that, within the viral RNA distribution region
in pv-infected Vero cells, there was often an empty area in
which little ﬂuorescent signal was seen during 2–3 h p.i. This
phenomenon might display a special procedure during the
course of pv RNA replication and transport in host cells.
Figure 3 shows a series of selected optical sections of such
a cell along the z-axis by confocal microscopy (spacing
0.8 mm) at 2.75 h p.i. By using this technique, we can
make the 3D-reconstruction of the living cell, which may
help us to understand more clearly and accurately the distri-
bution and localization of signals in living cells.
Real-time imaging showed that the translocation of pv
plus-strand RNA is a characteristic rearrangement
procedure
Distribution change with time implied there should be a trans-
location process for pv plus-strand RNA in pv-infected cells.
Visualization of RNA in living cells enabled us to monitor the
transport and movement of viral RNA in real-time. Figure 4
shows a series of selected time-lapse images of a pv-infected
Vero cell from 2 to 3 h p.i. The results clearly displayed the
translocation process of pv plus-strand RNA in living host
cells and substantiated the ordered procedure in real-time.
The signals of pv RNA distributed in the perinuclear area
at 2 h p.i., moved along with time and formed a juxtanuclear
distribution region at about 3 h p.i. As it is similar to
pv-induced membrane rearrangement process, this RNA
translocation pattern was also deﬁned as rearrangement.
Since the pattern can be observed in many pv-infected Vero
cells, it is considered that the translocation of pv plus-strand
RNA is a programmed and characteristic RNA rearrangement
procedure in pv-infected Vero cells.
The translocation and rearrangement of poliovirus
plus-strand RNA requires an intact microtubule
network
Cytoskeletons have been proved to play an important role in
RNA’s localization and movement in mammalian cells and in
yeast (13–15,22). Their functions include compartmentalizing
speciﬁc RNA in its region, anchoring static particles, provid-
ing track for directional motion and long distance transport,
and so on. To examine whether cytoskeletons are also active
in the translocation and rearrangement of pv plus-strand RNA
in pv-infected cells, microtubules and microﬁlaments were
disrupted by colcemid and swinholide, respectively, in
pv-infected Vero cells. Destruction of microtubules had a
strong effect on the translocation pattern of pv plus-strand
RNA. After pv-infected cells were treated with 20 mM col-
cemid for an hour, pv plus-strand RNA dispersed either in the
perinuclear areaorthroughout thecytoplasmofhost Verocells
(Figure 5A and D), which was a different distribution pattern
from that in normal pv-infected cells (Figure 5B and E), and
could no longer migrate to form a round, juxtanuclear area of
distribution. Destruction of microﬁlaments with swinholide
did not change the distribution (Figure 5C and F) and
translocation of pv plus-strand RNA obviously. These results
indicate that microtubules play a crucial role in the translo-
cation and rearrangement of pv plus-strand RNA in host cells.
In other words, pv can utilize microtubules of the host cell to
entrap and transport its RNAs to a destination where they can
function.
Dynamic characters of poliovirus plus-strand RNA
inside its distribution region uncovered by
Confocal-FRAP measurements
Time-lapse images disclosed the characteristic rearrangement
process of pv plus-strand RNA in living cells. It is a relatively
Figure 3. Visualizationofpvplus-strandRNAinaseriesofopticalsectionsthroughalivingpv-infectedcellat2.75hp.i.,spaced0.8mmapart.Acentralareaofthe
distribution region of pv plus-strand RNA was left free from the fluorescence signal. Bar, 8 mm.
Figure4.Real-timeobservationofthetranslocationofpvplus-strandRNAbyusingtheTAMRA-labeledmolecularbeaconinapv-infectedVerocellfrom2to3hp.i.
Images were acquired every 2 min over a period of 60 min by using Lica time-lapse acquisition software. Bar, 8 mm.
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its distribution region was still unclear. Did they move very
slowly only with the change of the whole distribution region,
ﬁxedly anchoring on microtubules? Confocal-FRAP experi-
ments were introduced to answer this question. FRAP is a
non-destructive technique that can yield dependable and
reproducibleresultsindiffusionmeasurementsofﬂuorophores
and macromolecules in aqueous solutions and living cells (33–
35). During the ﬁrst 10–15 min after removing liposome-MB
mixture from cell dishes, FRAP experiments were performed
in living host cells with or without chemical treatment, and a
few images of typical acquisitions are presented in Figure 6A
and B. Measurements in solution were also made as controls.
After the mean intensity of the ROIs were recorded and
Figure 5. Destructionofmicrotubulesalteredthedistributionpatternofpv plus-strandRNAinhostcells.(A) Pvplus-strandRNAconcentratednear oneside ofthe
cell nucleus in pv-infected Vero cells with intact microtubules at 3 h p.i. (B) Pv plus-strand RNA dispersed throughout the cytoplasm in the microtubule-disrupted
Vero cell. (C) Destruction of microfilaments with swinholide did not change the distribution of pv plus-strand RNA. (D–F) are the corresponding phase-contrast
images to (A–C), respectively. Bar, 8 mm.
Figure 6. Diffusion dynamics of pv plus-strand RNA as revealed by FRAP in normal pv-infected Vero cell and in the microtubule-disrupted Vero cell. Confocal-
FRAPmeasurementswerecarriedoutinpv-infectedVerocellsusinga63·objectiveat3hp.i.(A)SerialFRAPimagesinanormalpv-infectedVerocell.(B)Serial
FRAP images in a pv-infected Vero cell treated by 20 mM colcemid for 1 h. (C) Typical recovery curves (n = 7) of the FRAP measurements in normal pv-infected
Vero cells (a) and in microtubule-disrupted Vero cells (b). The bleach area was indicated by the arrowhead. Bar, 8 mm.
Nucleic Acids Research, 2005, Vol. 33, No. 10 3249quantiﬁed for a series of FRAP images, recovery curves aver-
aged from seven repeats were drifted, and the mobile fractions
and diffusion coefﬁcients were calculated (Figure 6C). The
results showed that 49.4 – 3.2% (n = 7) of RNA molecules
could diffuse freely with a diffusion coefﬁcient value of
9.6 – 1.6 · 10
 10 cm
2/s (n = 7) in the distribution region in
pv-infected cells while the remaining 50.5 – 2.9% (n = 7) of
RNAs appeared almost static over the measurement time. The
diffusion coefﬁcient of the mobile fraction was essentially
unchanged at 25 C, which conﬁrmed that the movement
was due to diffusion. We also determined that pv plus-RNA
diffuses with a rate of 2.8 – 0.4 · 10
 8 cm
2/s in homogeneous
aqueous solution.
Considering the alteration in distribution pattern of pv RNA
in Vero cells treated with colcemid and the reports that micro-
tubule destruction increased the mobile fraction several times
in mammalian cells (15), we had imagined that the mobile
fractionofpvplus-strandRNAshouldalsoincreasegreatlyand
behave in a similar manner after microtubules were destroyed.
But it was not the case. In Vero cells that microtubules were
disrupted, there were still 39.7 – 2.4% (n = 5) of pv plus-
strand RNAs remaining immobile, which meant the anchor of
pvplus-strandRNA wasassociatednotonlywith microtubules
of the host cell, but also with other cell structures considered
to be membrane structures as proved elsewhere (3,29,30).
Of the 60.4 – 2.6% (n = 5) that diffused, about 48.1 –
1.9% RNA molecules had the same diffusion coefﬁcient as
in normal pv-infected Vero cells and the other 13.3 – 1.4%
diffused at a lower velocity (3.7 – 0.3 · 10
 10 cm
2/s). Com-
bining these results with known facts that the RNA replication
system of pv was membrane-associated (28–30,36), we sup-
posed that the localization and transport of pv RNA should be
controlled by a complex mechanism that mainly involved
microtubules and virus-induced membrane structures.
Virus-induced membrane rearrangement is also
microtubule-associated in pv-infected Vero cells
The translocation pattern of pv plus-strand RNA molecules
obtained in living host cells is similar to the rearrangement
mode of pv-induced membranous vesicle structures (27,37).
Pv-speciﬁc membranous vesicle structures were depicted
 40 years ago (26). Many studies since then have demon-
strated the proliferation and rearrangement pattern of these
virus-induced vesicular structures in pv-infected cells, and
have veriﬁed that these membranous vesicle structures were
involved in the replication of pv RNA (26–30). Similar to the
report of Bolten et al. (3), our observations with EM in parallel
with RNA detection in living cells suggest that the small
pv-speciﬁc vesicle clusters correspond to the granules of pv
plus-strand RNA. But so far, the mechanism of this pv-speciﬁc
membrane vesicular translocation and rearrangement is still
unclear. We thought that the microtubule network might
also play a role in the migration and rearrangement of the
pv-speciﬁc vesicular structures because destruction of micro-
tubule network altered the RNA distribution and transport
pattern. The results from EM (Figure 7) supported this deduc-
tion. Starting from  2 h p.i., in pv-infected cells with intact
microtubules, the virus-induced vesicles began to migrate to
the inner of the cytoplasm and accumulated in a juxtanuclear
area at 3.5 h p.i. (Figure 7A). However, in pv-infected Vero
cells in which microtubules were disrupted, pv-induced ves-
icles did not accumulate with time, but dispersed randomly in
the whole cytoplasm at 3.5 h p.i. (Figure 7B). These results
showed that the virus-induced membrane rearrangement in
pv-infected cells, at least to some degree, was microtubule-
dependent.
DISCUSSION
Elucidating the dynamic characters (trafﬁcking routines,
velocities, mechanisms, etc.) of viral nucleic acids in host
cells is crucial for understanding virus–host interaction. In
this report, by introducing MB into living pv-infected Vero
cells, we successfully observed the dynamic behaviors of pv
plus-strandRNA.Findingsinourstudyindicatethatthetarget-
speciﬁc molecular beacon is a powerful tool to light RNAs of
interest in living cells. As intracellular degradation of molecu-
lar beacon remains a problem, the current investigation was
mainly focused on the initial phase of probe uptake by cells
within 1 h to ensure the reliability of the results (20). With this
strategy,the pvplus-strandRNAswereclearly highlightedand
their dynamic behaviors were studied in living host cells.
Figure 7. Electronmicrographs showedthatdisruptionof microtubules alteredthe distributionmodeofpv-specificmembranousvesiclestructures(arrowheads) in
Vero cells. (A) Pv-specific membranous vesicles mainly concentrated in a juxtanuclear area of the intact pv-infected Vero cell at 3.5 h p.i. (B) In the microtubule-
disrupted pv-infected Vero cell, pv-specific membranous vesicles dispersed throughout the cytoplasm at 3.5 h p.i. Bar, 1 mm.
3250 Nucleic Acids Research, 2005, Vol. 33, No. 10Since pv plus-strand RNA can be directly and speciﬁcally
lighted by MBs in living cells, its translocation process could
be tracked in real-time. To be mentioned, the RNAs displayed
in the time-lapse images were the viral RNAs that had already
been synthesized before MB was introduced into the cells, and
the newly synthesized viral RNAs could no longer be high-
lighted during the tracking procedure due to the shortage of
free MB in the cytoplasm (see Figure 2F and G). However,
the RNAs detected at different post-infection time points
(Figure 2B–D) were the total pv plus-strand RNAs at the
given time. These two experiments displayed similar RNA
distribution patterns, indicating that the RNA rearrangement
process in Figure 4 represents the change of the distribution
region for the total pv plus-strand RNAs at the given time. It
has been well documented that the genome replication of pv
requires the virus-induced membrane rearrangement (36,38),
and that viral progeny plus-strand RNAs are present on the
surface of the rosette of pv-speciﬁc membrane vesicles (30).
Other studies (3) and electron microscopy observations
showed that pv plus-strand RNA molecules and pv-induced
membranous vesicles had similar distribution patterns, sug-
gesting that the granules of pv plus-strand RNAs correspond to
pv-speciﬁc membrane vesicle clusters. These ﬁndings together
suggest that the newly synthesized and the parental pv RNAs
have the same distribution region conﬁned by the virus-
induced membrane vesicular structures at any given time,
and the region changes in accordance with the course of mem-
brane rearrangement. In other words, the pattern of plus-strand
RNA translocation and rearrangement represents the mem-
brane rearrangement course in pv-infected cells.
After cell microtubules were disrupted, the translocation
and distribution pattern of pv plus-strand RNA were altered,
indicating that in addition to pv-induced membrane structures,
microtubules also play an important role in the localization
and transport of pv RNAs within the host cells. However, pv
plus-strand RNAs may not anchor on the microtubules directly
as do some other RNAs (15), since disruption of the micro-
tubule network only released a small fraction of the static
RNAs (12–15%) and there were still  40% of plus-strand
RNAs remaining almost immobile during the FRAP measure-
ment period. We did not know what the real structure was for
the 12–15% mobile RNA fraction additionally released by the
destruction of microtubules. This portion of plus-strand RNAs
had a lower diffusion velocity than the mobile RNAs in intact
pv-infected Vero cells. A possible explanation is that the
destruction of microtubules destroyed some of the membrane
vesicle structures and caused the release of a kind of unit
combined with the plus-strand RNA (39), although we could
not exclude the possibility that there might be a small fraction
of RNAs combined with speciﬁc proteins directly anchoring
on the microtubules.
Confocal-FRAP measurements revealed that  50% of pv
plus-strand RNAs diffused freely within their distribution
area. The diffusion coefﬁcient ( 9.6 ·10
 10 cm
2/s) for this
fraction of pv plus-strand RNAs in the cytoplasm of Vero cells
was similar to the D-value (1 · 10 9 cm2/s) of a portion
of cytoplasmic b-actin mRNA labeled by MS2-GFP fusion
protein (15). In vitro experiment showed that the D-value
in solution (2.8 · 10
 8 cm
2/s) for pv plus-strand RNAs
hybridized to molecular beacons was consistent with the lit-
erature data for the same size RNAs or DNAs (9,40). In
contrast, Lukacs et al. reported that the mobility of microin-
jected DNAs was size-dependent in cytoplasm and nucleus,
and the diffusion of DNAs of 3000 bp (double strands)
or greater was immeasurably slow (40). These divergent
observations may reﬂect that RNAs behave differently from
DNAs in live cells. Indeed, Politz et al. found that some
poly(A) RNAs diffused freely in the nucleus of cultured rat
myoblasts with diffusion rates nearly similar to that in aqueous
solutions (9).
Data from EM showed that pv-speciﬁc membrane
rearrangement requires the intact microtubule network.
Pv infection results in profound changes in cellular archi-
tecture and morphology, including structural alteration of
microtubule-associated proteins (37,41). Our results, together
with the phenomenon of cytoskeleton rearrangement observed
in pv-infected and other virus-infected cells (37,42), suggest
that membrane rearrangement in pv-infected cells is likely
associated with microtubule rearrangement.
In conclusion, by using MB and live cell imaging, we have
successfully realized the viral nucleic acid detection in living
mammalian cells, and have studied the dynamics of pv plus-
strand RNA. The work reveals a complex entrapment and
diffusion mechanism for the localization and mobility of pv
plus-strand RNA in living host cells, and demonstrates that
such a mechanism is mainly associated with microtubules and
virus-induced membrane structures. Our data also suggest that
the interaction between microtubules and membranes plays an
important role in the virus-induced membrane rearrangement
in pv-infected cells.
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